Introduction {#s1}
============

Cystic fibrosis (CF) is the most common lethal genetic disease in Caucasians with an estimated 30,000 affected individuals in the United States alone \[[@R01]\]. A significant proportion of the morbidity and mortality in CF patients results from pulmonary exacerbations \[[@R02]-[@R04]\]. Pulmonary exacerbations have been linked to an irreversible decline in pulmonary function \[[@R05]\], a significant impact on health-related quality of life \[[@R06]\] and decreased survival \[[@R07]\]. Identifying modifiable risk factors for pulmonary exacerbations would lead to considerable benefits for CF patients.

Long-term proton pump inhibitor (PPI) use is prevalent in the CF population \[[@R08], [@R9]\]. The majority of PPI use is for management of gastroesophageal reflux (GER), with a prevalence of 35-81% that is considered to be higher than the general population \[[@R08]\]. Studies in CF patients have found associations between GER and poor pulmonary function \[[@R10]\] and aggressive management of GER with PPI has been advocated by some experts \[[@R11]\]. However, whether PPI therapy alters pulmonary outcomes is unclear. Despite PPI therapy, risk of bile acid aspiration persists \[[@R12]\] and non-acid reflux has been found to be negatively correlated with pulmonary function \[[@R13]\].

PPI therapy has been linked to the development of community-acquired pneumonia (CAP) in both adults and children \[[@R14], [@R15]\]. This association is thought to be due to an increase in intra-gastric pH leading to insufficient elimination and increased colonization of ingested pathogens, as well as direct inhibition of several leukocyte functions by gastric acid inhibitors \[[@R16], [@R17]\].

We sought to study the association between PPI use and rates of hospitalization for CF pulmonary exacerbations.

Methods {#s2}
=======

Our study was a longitudinal retrospective review of hospitalizations for CF pulmonary exacerbations over 1 year. Patients with CF seen at the University of Florida Adult Cystic Fibrosis Center between January and December 2016 were eligible for inclusion. Hospitalizations were assessed for the full year preceding the patient's index CF clinic visit in 2016. Inclusion criteria were age \> 18 years, a confirmed diagnosis of CF and at least 12 months of complete follow-up prior to the patient's index adult CF center visit in 2016. Patients with incomplete data, new patient referrals to the CF center during 2016 or those not meeting inclusion criteria above were excluded.

Data collected included age, gender, body mass index (BMI), genetic mutation analysis, percentage of predicted forced expiratory volume in 1 second (ppFEV~1~), evidence of chronic pseudomonas colonization, history of pancreatic insufficiency and history of GER, PPI use prior to study year, type, dosage of PPI and number of hospitalizations for pulmonary exacerbation in the year of follow-up. Hospitalization for pulmonary exacerbation was defined as an inpatient admission where history, physical examination and/or imaging lead to the diagnosis of a pulmonary exacerbation requiring the use of intravenous antibiotics as determined by the admitting physician.

Diagnosis of CF was confirmed by the combination of clinical symptoms of CF and an elevated sweat chloride ≥ 60 mmol/L or the presence of two disease-causing mutations in CF transmembrane conductance regulator gene (CFTR). PPI use was defined as prescription and patient reported use of PPI for at least 6 months prior to year of study and continued during the year of study. Only those initiated on PPI therapy prior to the year of study were considered for inclusion in the PPI user arm, and this was to avoid inclusion of those initiated on PPI therapy during hospitalization and continued on such therapy after discharge, confounding our results. Patients newly initiated on PPI therapy during the year of observation or noted to use PPI as needed were not eligible for inclusion in either arm.

Diagnosis of GER was based on clinical symptoms and documentation in the medical record as no diagnostic testing of GER was available in most patients. Chronic pseudomonas colonization was defined as detection within a period of 6 months of a minimum of three positive *Pseudomonas aeruginosa* cultures, with at least 1 month between the positive cultures \[[@R18]\]. Patients were considered pancreatic insufficient if they demonstrated clinical symptoms and fecal elastase values less than 200 µg/g \[[@R19]\]. The study was approved by the institutional review board at the University of Florida College of Medicine.

Statistical analysis {#s2a}
--------------------

Data are presented as proportions (mean ± SD) and for variables not conforming to a normal distribution as median and interquartile range (IQR). Two-sample comparisons were by Chi-square tests for proportions, Student's *t*-test for normally distributed variables, and Mann-Whitney U test for other variables. Shapiro-Wilk test was used to determine normality of continuous variables.

Due to the large number of patients with no (zero) hospitalizations for CF exacerbations during the study year, zero-inflated Poisson regression models were used to generate incidence rate ratios (IRRs), with 95% confidence intervals (CIs) for the association between PPI use and number of hospitalizations. This was also used to fit a model examining the association of PPI use, ppFEV~1~, chronic pseudomonas colonization, homozygous ΔF508 genotype and BMI with the number of hospitalizations in the year of study. Covariates for multivariable models were chosen based on clinical reasoning and statistical significance in bivariable analyses. A two-sided P-value of \< 0.05 was used to indicate statistical significance in all analyses. STATA version 13.0 (Statacorp, College Station, TX) was used for statistical analysis.

Results {#s3}
=======

Between January and December 2016, 143 patients were seen at the University of Florida Adult Cystic Fibrosis Center and were considered for inclusion. Within this cohort, six patients did not have confirmed CF and 23 did not have 1 year of complete follow-up prior to their index visit and were excluded from the study. A final 114 patients were included in the study ([Fig. 1](#F1){ref-type="fig"}).

![Flowchart of initial screening for eligibility, exclusion and final number of patients included in analysis.](gr-10-288-g001){#F1}

Among all study participants, 59 patients (51.8%) were hospitalized at least once in the study year. Baseline characteristics by hospitalization status are shown in [Table 1](#T1){ref-type="table"}. PPI use was associated with a significantly higher frequency of hospitalization (0.9 vs. 1.4 hospitalizations) for pulmonary exacerbation in the study year (IRR = 1.75, P = 0.009). Patients hospitalized at least once in the study year had a significantly lower ppFEV~1~ and BMI. A significantly higher percentage of hospitalized patients were chronically colonized with *P. aeruginosa*. There was no significant difference between hospitalized and non-hospitalized patients in rates of GER.

###### Baseline Characteristics of Patients Hospitalized at Least Once in Year of Study and Non-Hospitalized Patients

                                            Not hospitalized in past year (n = 55)   Hospitalized at least once in past year (n = 59)   P value
  ----------------------------------------- ---------------------------------------- -------------------------------------------------- -------------
  Male, % (n)                               54.5% (30)                               47.5% (28)                                         0.449^a^
  Age, median (range)                       30 (24 - 41)                             28 (24 - 35)                                       0.315^b^
  BMI, median (range)                       22 (20.4 - 26.5)                         20.2 (18.3 - 23.2)                                 0.003^b^
  Homozygous ΔF508, % (n)                   39.6% (21)                               61% (36)                                           0.024^a^
  ppFEV1, median (range)                    69% (53 - 81)                            40% (27 - 66)                                      \< 0.001^b^
  Chronic pseudomonas colonization, % (n)   65.4% (36)                               74.6% (44)                                         0.287^a^
  GER, % (n)                                65.4% (36)                               64.4% (38)                                         0.907^a^
  PPI use, % (n)                            50.9% (28)                               52.5% (31)                                         0.862^a^
  Pancreatic insufficiency, % (n)           78.2% (43)                               83.1% (49)                                         0.510^a^

^a^Pearson's Chi-squared test (χ^2^). ^b^Mann-Whitney U test.

PPI use was common, with 59 (51.8%) patients having at least 6 months of PPI exposure. Omeprazole was the most commonly used PPI (n = 25), followed by pantoprazole (n = 18), lansoprazole (n = 12) and esomeprazole (n = 4). Once daily dosing was observed in 92% of patients and mean total daily PPI dose was 31.7 mg (± 9.1). Baseline characteristics comparing PPI users to non-users are shown in [Table 2](#T2){ref-type="table"}.

###### Baseline Characteristics of Proton Pump Inhibitor Users as Compared to Non-Users

                                          No daily PPI (n = 55)   Daily PPI (n = 59)      P value
  --------------------------------------- ----------------------- ----------------------- -------------
  Male, % (n)                             60% (33)                40% (25)                0.06^a^
  Age, median (range)                     29 (24 - 38)            29 (24 - 34)            0.519^b^
  BMI, median (range)                     20.72 (19.15 - 23.72)   21.35 (19.67 - 25.39)   0.155^b^
  F508 homozygous, % (n)                  55.6 (30)               46.6 (27)               0.341^a^
  ppFEV~1~, median (range)                57% (37 - 77)           57% (32 - 75)           0.932^b^
  Pseudomonas, % (n)                      63.6% (35)              76.3% (45)              0.141^a^
  Number of hospitalizations, mean ± SD   0.9 ± 1.2               1.4 ± 2.1               0.009^c^
  GER, % (n)                              30.9% (17)              96.6% (57)              \< 0.001^b^
  Pancreatic insufficiency, % (n)         83.6% (46)              77.9% (46)              0.443^a^

^a^Pearson's Chi-squared test (χ^2^). ^b^Mann-Whitney U test. ^c^Zero-inflated Poisson.

There was no statistically significant difference in number of hospitalizations between patients on high dose PPI therapy (\> 40 mg daily) compared to standard dose PPI therapy. The association between PPI exposure and increased frequency of hospitalization persisted in multivariable analysis, factoring in ppFEV~1~, chronic pseudomonas colonization, BMI and homozygous ΔF508 genotype. Lower ppFEV~1~ also persisted as a significant predictor of a higher frequency of hospitalization in the multivariable model. The results of the multivariable zero-inflated Poisson regression model are shown in [Table 3](#T3){ref-type="table"}.

###### Zero-Inflated Poisson Regression Predicting Hospitalization for Pulmonary Exacerbation Over Year of Study

  Number of hospitalizations         IRR    Robust standard error   z       P value   95% confidence interval   
  ---------------------------------- ------ ----------------------- ------- --------- ------------------------- ------
  PPI use                            1.75   0.453                   2.17    0.03      1.06                      2.91
  ppFEV~1~                           0.98   0.007                   -2.84   0.005     0.97                      0.99
  BMI                                1.01   0.024                   0.32    0.751     0.96                      1.06
  Homozygous ΔF508                   1.38   0.340                   1.3     0.195     0.85                      2.23
  Chronic pseudomonas colonization   0.63   0.203                   -1.44   0.149     0.33                      1.18

Discussion {#s4}
==========

In this retrospective longitudinal study, we examined the association between PPI use and frequency of hospitalizations for pulmonary exacerbations over 1 year in a cohort of adult CF patients. History of PPI use was associated with a higher mean number of hospitalizations over 1 year of observation. Even when controlling for factors traditionally associated with higher frequency hospitalization including lower ppFEV~1~, homozygous ΔF508 genotype, lower BMI and chronic pseudomonas colonization, exposure to PPI remained independently significantly associated with a higher number of hospitalizations for CF pulmonary exacerbations.

GER is often managed with long term PPI therapy; however, the effects of PPI therapy on pulmonary function and exacerbation in CF patients are unclear. GER itself has been associated with worse pulmonary function in CF patients. Gustafsson et al were the first to report this association \[[@R20]\], since then multiple studies have demonstrated an association between GER and worse pulmonary function \[[@R11], [@R13], [@R21]\]. One suggested mechanism is that full esophageal reflux column (extending through the full length of the esophagus) leads to aspiration of gastric contents, ultimately contributing to inflammation and progression of lung disease \[[@R22]\]. In support of this theoretical mechanism is work by Ledson et al who have demonstrated tracheal acidification in adult CF patients suffering from GER \[[@R23]\]. Other suggested mechanisms include increased tracheobronchial mucus secretion secondary to esophageal acidification \[[@R12]\] as well as links between GER and airway neutrophilic inflammation mediated by IL-8 \[[@R24]\].

However, despite this association of GER with worse respiratory function and multiple suggested mechanisms, there is no clear evidence demonstrating a direct causative effect of GER on worse respiratory outcomes \[[@R08]\]. Whether PPI therapy itself plays a role in modifying respiratory outcomes is what we have attempted to explore. The retrospective nature of our study and our small sample size did not allow us to exclude patients with GER, thus whether the increased frequency of hospitalization of patients on PPI therapy demonstrated by our study is confounded by underlying GER is less clear. However, we note that the frequency of GER in both hospitalized and non-hospitalized patients in our study was comparable and not significantly different.

Other studies have attempted to explore the effects of PPI in CF patients. The association between PPI use and worse pulmonary function in CF patients was first reported by Sabati et al in a retrospective study of 201 adult CF patients. This study however was not designed to directly study the effects of PPI use \[[@R25]\]. Later, in a prospective study of CF patients randomized to placebo or esomeprazole, DiMango et al showed a trend towards earlier and more frequent exacerbations in patients randomized to PPI therapy \[[@R22]\]. Work by Pauwels et al offers a biological explanation to the above clinical findings; they demonstrated that gastric juice under the effects of PPI had a significantly enhanced inflammatory effect on CF bronchial epithelial cells as compared to gastric juice not affected by PPI \[[@R26]\]. This leads the authors to believe that PPI therapy in CF patients may result in paradoxically increased inflammatory effects on the airway. In non-CF patients, multiple studies have demonstrated an association between PPI use and CAP in both the inpatient and outpatient settings \[[@R16], [@R27], [@R28]\]. This association demonstrated a dose-response relationship as shown by Laheij et al \[[@R16]\]. In our study, the small sample size and the relatively small number of patients on high dose therapy limited our power to study such an effect.

Inappropriate PPI use is well-documented in non-CF populations \[[@R29]-[@R31]\]. This same issue appears to persist in the CF population, where classic adverse events associated with PPI therapy such as bone fractures \[[@R32]\] and B12 deficiency \[[@R33]\] are likely to have a higher impact. More than half of our patient cohort (51.7%) had a history of PPI therapy. This is in line with other studies of CF patients; a study of practice patterns at 29 French CF centers by Languepin et al illustrated a liberal pattern of PPI use in CF patients. The authors found that all CF centers relied on long-term PPI as first-line therapy for GER, while no center carried out routine diagnostic evaluation, nor any testing for efficacy of treatment after initiation of therapy \[[@R9]\].

Our study has several limitations. The retrospective nature of our study allows only determination of association and does not support a cause-effect relationship of PPI therapy on pulmonary exacerbations. The inclusion of patients who were receiving PPI therapy for GER is a possible confounder for our results; however, the frequency of patients with GER was similar in both hospitalized and non-hospitalized patients. Finally, this is a single-center study with a relatively small sample size and this possibly limits generalizability; however, given the low prevalence of CF, we believe our sample size was adequate. Improving our generalizability is that our sample encompassed a wide spectrum of ages and disease severity as well as the fact that the University of Florida Adult CF Center is a major referral center for patients in the southeastern United States.

In conclusion, the results from our study demonstrate a significant association between PPI use and higher mean number of hospitalizations for CF pulmonary exacerbations. Larger, prospective trials are warranted to further clarify the effects of PPI therapy on pulmonary function in CF patients. Prescribers of PPI therapy should exercise pharmacovigilance; frequently re-evaluating indications and appropriateness of therapy and in the setting of GER considering alternate management modalities such as anti-reflux surgery where appropriate.
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